The modular structure of biomacromolecules is the key feature that promotes them execute highly sophisticated biological functions such as signal transduction in cells. 1 Structural modules are embedded in monomeric proteins or in the RNA, in assemblies of protein dimers or multimers, and also in protein-RNA complexes so as to facilitate structural and functional communications between the modules. An assembly of RNA molecules and peptides, such as in the case of an RNP (ribonucleopeptide), is an ideal scaffold for the construction of a novel modular structure.
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2 A complex of the Rev peptide and RRE (Rev responsive element) RNA, for which the three-dimensional structure and the interaction mode between the peptide and RNA have been established, 3 was used to construct an RNP library. Complex formation of randomized RNA sequences bearing the RRE RNA sequence and the Rev peptide affords the RNP library, which is then used for in vitro selection to obtain RNP receptors. 4 In a stepwise manner, RNP receptors for various target ligands thus selected are converted to RNP sensors by a simple modification of the Rev peptide with a fluorophore at its Nterminus. These RNP sensors exert fluorescence spectral changes upon binding to the substrate. This stepwise method takes advantage of the modular structure of RNP to generate fluorescent sensors with a variety of fluorescence emission wavelengths, while the modular RNA aptamer-based sensors reported by other groups used only a limited number of dyes. 5 Recently, the substrate-binding mode of ATP-binding RNP was verified by structural analyses. 6 RNP was found to undergo a structural change upon binding to ATP. The results suggested that the structural change in RNP was transduced into a change in the fluorescence spectrum of the RNP sensor due to environmental changes of the attached fluorophore. Because a number of RNA aptamers have been characterized or suggested to have changed their structures upon substrate binding, we reasoned that such a structural transition in an RNA aptamer when used as a receptor module would be transduced into a change in the fluorescence spectrum of the fluorophore-modified Rev-RRE complex by properly conjugating the fluorescent RNP so that it serves as a reporter module (Fig. 1a) . If this is the case, it will be possible to convert the vast majority of RNA aptamers reported to date into modular fluorescent sensors.
As proof-of-principle, we report here a fluorescent GTP sensor with a modular RNP structure by using a GTP aptamer 7 as a receptor module and a fluorophore-labeled Rev/RRE RNA complex as a reporter module. The three-dimensional structure of the GTP aptamer 8 indicates that GTP binds to the aptamer through formation of G:G base pair, which is stacked by a G:G:G base triplet and a G:A base pair to stabilize the overall bent structure of the aptamer. The GTP aptamer is presumed to change its structure upon binding to GTP derivatives. The RNA component of the modular GTP-binding RNP (GTP-RRE) was constructed by overlapping A4:U38 present in the stem of the GTP aptamer with the A52:U66 base pair present in wild-type RRE RNA 9 (Fig. 1b) . The A4:U38 base pair in the GTP aptamer does not participate in the formation of the GTP-binding pocket. 8 The stem region of the original GTP aptamer is retained as a junction to promote the folding of the GTP-binding site in the aptamer. GTP-RRE RNA thus constructed was complexed with the N-terminal 7-methoxycoumarin-modified Rev peptide (7mC-Rev)
2d-2f to produce a modular fluorescent RNP GTP-RRE/7mC-Rev. The change in the fluorescence intensity of the GTP-RRE/7mC-Rev complex was monitored at 390 nm by titration with an increasing GTP concentration (Fig. 2) . The titration curve for complex formation between GTP and GTP-RRE/7mC-Rev afforded an equilibrium dissociation constant (K D ) that was much lower than 1 M and a maximum change in the relative fluorescence intensity (I/I 0 ) of 2.0. 10 The high K D value is consistent with the previously reported value for the GTP and aptamer complex. 7 In order to vary the excitation and emission wavelengths of the sensor, GTP-RRE RNA was complexed with 5-carboxyfluorescein-and NBD-modified Rev (5FAM-Rev and NBD-Rev) to produce GTP-RRE/5FAM-Rev and GTP-RRE/NBD-Rev, respectively. Titration of fluorescent RNP by GTP while monitoring the change in fluorescence intensity at 535 nm also revealed distinct fluorescence intensity changes (Fig.  2 ). The results demonstrate that modular RNP retains high affinity for the GTP aptamer and shows tunable excitation and the detection wavelengths. The solution structure of modular GTP-RRE/Rev was studied by in-line probing 11 in the absence and presence of the substrate guanosine (Guo) in order to investigate whether there was in fact a structural change in GTP-RRE/Rev during complex formation between modular RNP and Guo. The nucleotides that are able to achieve the in-line conformation because of structural freedom owing to the phosphodiester linkage or those that can retain the in-line conformation are prone to be hydrolyzed by the phosphodiester linkage. 11 In-line probing of the complex between GTP-RRE/Rev and Guo (Fig. 3 ) revealed strong cleavage bands at U18, U21, and U38 that were reported to form a bulge structure in the ligand-binding complex. 3 The loop region (U29-G32) of the inner stem-loop, which was introduced in the original RNA library for the selection of a GTP aptamer, was moderately cleaved in the presence of Guo. Further, the intensity of the bands corresponding to the nucleotides reported to form the GTP-binding pocket (G19, G20, U22-G25, U36, G37, and G39-A42) tended to decrease as the concentrations of Guo increased. These cleavage patterns in the ligand-bound state are all consistent with the structure deduced on the basis of NMR measurements. 8 The changes in the intensity of the cleavage bands clearly indicate the transition of a flexible GTP-RRE RNP structure to a well-folded structure of the complex of GTP-RRE RNP and Guo. Hence, the modular GTP-binding RNP exerts a change in fluorescence intensity in conjugation with the progressive structural changes that the receptor module undergoes upon binding to Guo. (Fig. S1 ).
The applicability of the design strategy of modular fluorescent RNP was further tested by using an ATP aptamer isolated by Sassanfar et al. 12 The structure of the ATP-binding region in the ATP aptamer changes from an unstructured form into a wellfolded GNRA tetra loop upon binding to ATP. 13 The reported structure of an ATP aptamer is different from that of a GTP aptamer, and the former also contains a stem region that does not participate in ATP binding. In the case of the ATP aptamer, the A5:U32 base pair lying adjacent to the ATP-binding pocket in the aptamer 13 was made to overlap with A52:U66 of wild-type RRE RNA in order to construct ATP-RRE RNA. Thus, one base pair of the original ATP aptamer is retained to stabilize the ATPbinding site of the aptamer. The ATP-RRE/7mC-Rev complex also showed a change in fluorescence intensity on titration with ATP in a buffer containing 10 mM Tris-HCl (pH 7.6), 100 mM NaCl, 10 mM MgCl 2 and 0.005% Tween 20 at 4 °C, and provided a I/I 0 value of 2.6 and K D lower than 1 M 10 ( Fig. S2) . These results indicate that the modular RNP constructed from the induced fit-type aptamer and the fluorescent RRE/Rev module successfully transduces the ATP-binding event into measurable fluorescence signals. The role of the structural changes in the receptor module was verified by using an RNA aptamer that undergoes little structural change when forming a ligand-binding complex. The RNA component in ATP-binding RNP (An33 RNA) selected by us 6 from the RNP library shows a quite similar arrangement of the receptor module and the reporter module in the predicted secondary structure as observed in GTP-RRE and ATP-RRE designed here (Fig. S3a) . The in-line probing of the RNP complex (An33/Rev) formed between An33 RNA and the Rev peptide revealed that the intensity of cleaved bands both in the absence and presence of the substrate adenosine (Ado) showed quite similar patterns (Fig. S3b) . This result indicates that An33/Rev undergoes little structural change upon binding to Ado. As expected, titration of the fluorescence intensity of An33/7mC-Rev by ATP showed little change in fluorescence intensity (I/I 0 = 1.1, K D = 11.2 M, Fig. S3c) . Therefore, structural changes in the receptor module upon substrate binding are a prerequisite for effective communication between the receptor module and reporter module to achieve the modular arrangement of RNP studied here.
A simple modular strategy that conjugates a fluorophoremodified RNP to the stem region of an RNA aptamer based on secondary structural information can be used to construct fluorescent sensors. With regard to the structural changes that occur upon substrate binding, the aptamers that were successfully used for the receptor module in this study are not the rare examples of a large number of aptamers obtained to date by the in vitro selection method. The Rev peptides modified with a variety of fluorophores can be used to provide the fluorescent reporter modules. Thus, the excitation and the detection wavelengths of the fluorescent RNP are tunable. Although an aptamer with a pre-organized binding site is not suitable for use as a receptor module in the construction of an effective modular RNP assembly for fluorescence sensing, the use of the modular RNP strategy reported here would be ideal for many RNA aptamers that undergo structural changes upon substrate binding. A combination of these two modules affords a facile strategy for the construction of fluorescent sensors with desired excitation and/or detection wavelengths. 
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Supplementary Material
Experimental details, titration of the relative fluorescence intensity of GTP-RRE RNP complexed with 7mC-Rev under the condition used for in-line probing experiments (Fig. S1 ), nucleotide sequence of the ATP aptamer-conjugated ATP-RRE (Fig. S2a) , saturation curves for relative fluorescence intensity changes in ATP-RRE complexed with 7mC-Rev (Fig. S2b) , nucleotide sequence of the RNA component of An33/Rev ATPbinding RNP receptor (Fig. S3a) , and a saturation curve for the relative changes in the fluorescence intensity of An33/7mC-Rev (Fig. S3b) . This material is available free of charge via the Internet at http://www.elsevier.com. Supplementary data associated with this article can be found, in the online version, at . Figure S1 . Titration of the relative fluorescence intensity of GTP-RRE RNP complexed with 7mC-Rev.
Fluorescence intensity was measured in the presence of indicated concentration of GTP (red) or Guo (blue) in a buffer containing 10 mM Tris-HCl (pH 7.6), 100 mM NaCl, 10 mM MgCl 2 , and 0.005% Tween20 at 25 °C, which was used for the in-line probing experiments to afford equilibrium dissociation constants (K D ) for GTP and Guo of 6.6 and 2.6 µM, respectively, and maximum changes in the relative fluorescence intensity change (I/I 0 ) of 2.2. 
Materials and Methods
Materials.
The DNA templates and primers of GTP-RRE RNA and ATP-RRE RNA were purchased from Gene Design.
Nucleotides (ATP, Ado, GTP) were purchased from Sigma-Aldrich. N-Fmoc-protected amino acids, HBTU 
Determination of Binding Affinity by Fluorescence Titrations.
The binding affinities of fluorescent RNP to ATP, GTP, adenosine (Ado) and guanosine (Guo) were obtained by fitting the substrate titration data using the equation: 
In-line Probing Procedures.
The in-line probing reactions were carried out as described previously. 11 A solution containing 5'-32 P-labeled RNA (120000 cpm) and non-labeled RNA (1.0 µM) was heated at 80 °C for 3 min then chilled on ice in 50 mM sodium cacodylate (pH 7.0), 100 mM NaCl, 10 mM MgCl 2 , with Rev (1.2 µM) and the indicated concentration of substrate. The solution was incubated at 25 °C for 3 or 5 days. An aliquot (5 µL) of the reaction solution was diluted with 5 µL of a loading solution containing 8 M urea and 10 mM EDTA, and the 4 µL of the loading solution was run on a 12% denaturing polyacrylamide/8 M urea gel, then analyzed by a STORM phosphor imager (GE).
